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Both mammary gland development and mammary carcinogenesis involve extensive remodeling of the mammary gland extra-
cellular matrix. The expression of four membrane-type matrix metalloproteinases (MT-MMPs) with matrix remodeling potential in
development and tumorigenesis was evaluated by in-situ hybridization on mouse mammary gland sections. MT1-MMP and MT3-
MMP were found in the mammary stroma mainly around epithelial structures in both developing and mature mammary gland. In
contrast, MT2-MMP was found exclusively in the mammary epithelium. Lactating gland expressed none of the examined MT-
MMPs. Mammary gland tumors expressed MT1-MMP, MT2-MMP, and MT3-MMP while MT4-MMP was not expressed in any
developmental or cancerous stage analyzed here.Our results suggest thatMT1-MMP,MT2-MMP, andMT3-MMPmay be involved
in remodeling of both the normal and diseased mammary gland either directly or indirectly by activation of other MMPs. J. Cell.
Physiol. 205: 123–132, 2005. Published 2005 Wiley-Liss, Inc.{

The mammary gland is a highly dynamic organ, which
undergoes growth and remodeling during pubertal
development and later during postnatal life as the gland
adapts to the physiological requirements of lactation. In
the mouse, the mammary gland starts to form during
embryogenesis at day 10–11 and at the time of birth a
small tree of epithelial ducts is established. Under the
stimulus of hormones and growth factors, the gland
epithelium further develops following the onset of pu-
berty to attain the maturity of the adult virgin gland. At
this stage, the gland is fully competent to respond to the
hormonal stimuli of pregnancy, which induce morpho-
logical and functional changes to support lactation
(Hennighausen and Robinson, 1998). Following cessa-
tion of lactation, the gland rapidly undergoes remodel-
ing to regain a configuration similar to that of the adult
virgin gland. The changes from initial development
through pregnancy and involution are associated with
substantial morphological transformations of both the
branched epithelial tissue and the associated peri-
ductal stroma and fat pad. Although the remodeling
and morphogenesis of the mammary gland tissue are
regulated by both systemic and local hormones and
growth factors (Hennighausen and Robinson, 1998;
Gouon-Evans et al., 2002; Lin et al., 2002; Marshman
and Streuli, 2002; Radisky et al., 2003; Sapi, 2004), the
actual structural remodeling of the tissue is ultimately
dependent on coordinated proliferation, cell death,
synthesis, and removal of the extracellular matrix.

The matrix metalloproteinases (MMPs) constitute a
group of zinc endopeptidases capable of cleaving multi-
ple extracellular matrix and basement membrane
macromolecules (Brinckerhoff and Matrisian, 2002;
Egeblad and Werb, 2002). Several members of the
MMP family possess collagenolytic activity and as such
may be important for cell migration, proliferation, and
remodeling of the collagenous matrices in the mammary
gland (Holmbeck et al., 1999; Hotary et al., 2003). In-
deed, several lines of evidence pointing in this direction
are supported by the observation that many MMPs are
expressed in the mammary gland (Lund et al., 1996;
Rudolph-Owen and Matrisian, 1998; Djonov et al., 2001;

Wiseman et al., 2003). The significance of these obser-
vations, however, is difficult to determine. A number of
mouse strains deficient for individual MMPs have been
developed and have provided an opportunity to study
the role of specific MMP deficiencies on mammary gland
development. These mouse models demonstrate that
some secreted MMPs indeed participate in branching
morphogenesis and involution but none of these gene
deficiencies appear to interfere with the lactating
function of mammary gland (Itoh et al., 1997; Mudgett
et al., 1998; Itoh et al., 1999; Caterina et al., 2000;
Caterina et al., 2002). Here, we extend the analysis of
MMP expression in the mammary gland to include four
membrane-type MMPs (MT1-MMP, MT2-MMP, MT3-
MMP, and MT4-MMP) in the normal mammary gland
during different developmental stages as well as in
mammary adenocarcinoma. We report here that three of
the four membrane-type matrix metalloproteinases
(MT-MMPs) are expressed in a distinct temporal and
spatial manner suggesting that their catalytic activity
likely contributes to both the development and subse-
quent remodeling of the gland during the reproductive
cycle and during tumor development.
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MATERIALS AND METHODS
Tissue processing

All animals utilized in this experiment were housed and
handled according to animal study proposals approved by the
National Institute of Dental and Craniofacial Research Animal
Care and Use Committee. Mammary glands were harvested
from FVBN/J female mice at various ages, fixed overnight in
4% formaldehyde in PBS, washed in PBS, embedded in para-
ffin, and sectioned at 6 mm. Slides were processed either for
hematoxylin/eosin staining, Masson’s trichrome staining, or in
situ hybridization.

Probes

To generate hybridization probes for MT1-MMP, MT2-
MMP, MT3-MMP, and MT4-MMP, DNA fragments generated
by PCR or by restriction digest (Table 1) were cloned into either
the pCRII TOPO TA cloning vector (Invitrogen, Carlsbad, CA)
or pBluescript SKþ (Stratagene, La Jolla, CA). The plasmids
were transcribed using SP6, T3, or T7 RNA polymerases to
generate the sense and antisense RNA probes.

In situ hybridization

In situ hybridization was performed as previously described
(Blavier and DeClerck, 1997). Deparaffinized sections were
treated with proteinase K (5 mg/ml), post fixed in 4%
formaldehyde in PBS, acetylated in triethanolamine hydro-
chloride/acetic anhydride, washed in PBS, dehydrated, and
air-dried. The sections were hybridized at 508C to an RNA
probe radiolabeled with [a-33P] UTP (DuPont NEN, Boston,
MA). For each antisense probe tested, a sense probe was also
used as negative control. After hybridization, the sections were
washed, coated with an autoradiographic emulsion (LM-1,
Amersham Biosciences, Little Chalfont, UK) and exposed for
5 days at 48C. After exposure, the slides were developed and
counterstained with Mayer’s hematoxylin.

Northern blot analysis

Total RNA was fractioned on formaldehyde agarose gel,
transferred, and immobilized onto nylon membranes and MT-
MMP mRNA was detected by hybridization to 32P labeled
probes using QuikHyb Hybridization Solution (Stratagene,
La Jolla, CA) as recommended by the manufacturer. Separate
gels and membranes were prepared for use with each of the
MT-MMP probes. Each membrane, after initial hybridization
to the MT-MMP probe (Table 1), was stripped and hybridized to
a mouse beta actin probe (Table 1) to normalize for the loaded
RNA quantity.

Mammary gland whole mounts

For visualization of whole glands, the tissue was mounted
onto glass slides, fixed in Carnoy’s fixative, rehydrated, stained
with carmine alum, and after subsequent dehydration clear-
ed of fat as described previously (Ip and Asch, 2000).

RESULTS

To evaluate the expression of MT1-MMP, MT2-MMP,
MT3-MMP, and MT4-MMP in mouse mammary gland,
we performed in situ hybridization on tissues from
various developmental stages as well as diseased tissue.
These results are summarized in Table 2.

In situ hybridization with an MT4-MMP specific
probe on mammary gland sections of different develop-
mental stages and mammary gland tumor sections did
not result in any detectable signal (data not shown). To
validate the MT4-MMP probe specificity and efficiency,
mouse brain sections were tested for expression (data
not shown). This experiment demonstrated that the
probe efficiently detected MT4-MMP messenger RNA,
thus confirming that the lack of detectable signal in
mammary gland was due to the absence of MT4-MMP
expression rather than being the result of an inefficient
probe.

MT-MMP expression in prepubertal
mammary gland

At birth, the mammary gland epithelium is localized
in a peripheral part of the mammary fat pad as a small
epithelial tree. Epithelial ducts in the 4-day-old gland
can be observed in a small area near the nipple (Fig. 1A,
arrowheads; 1B, arrows) while the rest of the mammary
tissue consists of the fat pad. MT1-MMP was expressed
exclusively in the stroma of the 4-day-old mammary
gland (Fig. 1D, arrows and arrowheads), particularly in
the collagen-rich area around epithelial ducts (Fig. 1C,
arrows). Throughout the fat pad, a somewhat weaker
signal specific for MT1-MMP was detected suggesting
that MT1-MMP is also expressed in adipogenic tissue,
albeit at a lower level. MT2-MMP, however, was expre-
ssed exclusively in the mammary ductal epithelium and
not in the surrounding stroma or the fat pad (Fig. 1G,
arrows).Anadjacentsection hybridized toaprobe specific
for MT3-MMP messenger RNA demonstrated a robust
signal in the peri-ductal stroma (Fig. 1J, arrows). The
expression pattern of MT3-MMP was somewhat similar
to that obtained with an MT1-MMP-specific probe.

MT-MMP expression in adult virgin
mammary gland

The growth and development of the mammary epi-
thelium continues after the onset of puberty at the age of
4–5 weeks. Under the influence of reproductive hor-
mones, the mammary epithelium starts to grow further
into the fat pad. As a result, the adult virgin gland is
ultimately filled with epithelial ducts penetrating the

TABLE 1. Probe information

Position GenBank accession

MT1-MMP 291–902 bp X83536
MT2-MMP 180–1123 bp D86332
MT3-MMP 163–1614 bp AF282844
MT4-MMP 782–1520 bp AB021224
b-actin 762–1837 X03672

For the generation of hybridization probes, DNA fragments in the given position
on the appropriate MT-MMP GenBank accession number were used.

TABLE 2. MT-MMP expression profile summary

MT1-MMP MT2-MMP MT3-MMP MT4-MMP

Prepubertal mammary gland S E S 0
Adult mammary gland S E S 0
Pregnant mammary gland S E S 0
Lactating mammary gland 0 0 0 0
Involuting mammary gland S E S 0
Mammary gland tumor S E S 0

Summary of the MT-MMP expression pattern in the main compartments of the mouse mammary gland. S, mammary
gland stroma; E, mammary gland epithelium, 0, not detected.
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entire fat pad (Fig. 2A). The MT-MMP expression pat-
terns in 60-day-old virgin mice were chosen as repre-
sentative of the adult stage of mammary gland
development. At this time, epithelial ducts had com-
pletely filled in the mammary gland fat pad (Fig. 2B).
The expression pattern of MT1-MMP was very similar to
that observed at 4 days, but more confined to the peri-
ductal region in the gland (Fig. 2D, arrows) and to a
lesser extent to the fat pad at large (Fig. 2D, arrow
heads). The longitudinal section of the branching ducts
depicted in Figure 2G (arrows), as well as cross sections
of some smaller ducts (Fig. 2G, arrow heads) displayed a
robust and highly restricted expression of MT2-MMP in

mammary epithelial cells. MT3-MMP, on the other
hand, was expressed in the stroma surrounding epithe-
lial ducts, much in the same manner as the signal for
MT1-MMP, although with minor differences in the
actual distribution of staining (Fig. 2J, arrows).

The most highly proliferating regions of the epithe-
lium, the terminal end buds, displayed a pattern of
expression that is consistent with the expression pat-
tern in ducts proper (data not shown). In addition, we did
see expression suggesting that some epithelial cells may
express MT1-MMP and MT3-MMP. However, the eva-
luation of these observations was complicated by our
inability to clearly differentiate between epithelial and

Fig. 1. Whole mount staining and in situ hybridization on a 4-day-old
mammary gland. A: Whole mount of mammary gland of a 4-day-old
mouse showing a small epithelial tree on the periphery (arrowheads).
Scale bar represents 2 mm (B) H & E stained section of 4-day-old
mouse mammary gland with abundant epithelial ducts (arrows)
surrounded by collagen layer (C, arrows) as showed by Masson’s
trichrome staining (collagen staining blue). The framed area is
enlarged in the inset. D: Serial section hybridized to antisense MT1-

MMP probe shows strong staining of the stroma in the area rich
in epithelial ducts (arrows) and around isolated ducts (arrowheads).
G: MT2-MMP is strongly expressed in epithelial ducts (arrows), (J)
and MT3-MMP is expressed in the stroma (arrows) surrounding ducts
(asterisk). D, G, and J: Antisense probes for MT1-MMP, MT2-MMP,
and MT3-MMP, respectively (dark field). (F, I, and L) the same
sections in bright field; (E, H, and K) sense counterparts to (D, G, and
J) in dark field. Scale bar in (B–L) represents 100 mm.
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stromal cells in these densely packed structures. Based
on the tightly restricted expression of MT2-MMP in the
epithelium and the resulting staining pattern, we lean
towards the interpretation that MT1-MMP and MT3-
MMP may, at the most, be expressed in a small subset of
epithelial cells, if at all.

MT-MMP expression in pregnant mammary gland

The mammary gland further undergoes extensive
changes during pregnancy, when epithelial ducts form
multiple branches at the end of which lobules are formed
(Fig. 3A,B). A cross section of the pregnant gland hybri-

dized to an MT1-MMP specific probe showed clusters of
forming lobules where MT1-MMP was expressed mainly
in the stroma surrounding lobules (Fig. 3D, arrows), as
well as in the stroma of the fat pad (Fig. 3D, arrow
heads). As in the early developmental stages and the
adult virgin gland, MT2-MMP-specific hybridization
signal was present exclusively in the epithelial cells of
the lobules (Fig. 3G, arrows). A signal specific for MT3-
MMP could be detected in the stroma of the pregnant
gland, however, at modest levels (Fig. 3J). Repeated
hybridization experiments on different pregnant mam-
mary gland specimens consistently resulted in the detec-

Fig. 2. Whole mount staining and in situ hybridization on a 60-day-
old virgin mammary gland. A: Whole mount of mammary gland of a
60-day-old mouse. Mammary epithelium fills up the entire fat pad.
Scale bar represents 2 mm. B: H & E stained section of 60-day-
old virgin mouse mammary gland with longitudinal section of the
branching duct [D], (C) Masson’s trichrome staining of the same gland
shows collagen layer (blue) around longitudinal section of the duct
(arrows). The framed area is enlarged in the inset. D: Serial section
hybridized to MT1-MMP antisense probe shows strong staining in the

stroma around ducts (arrows) and in the stroma of the fat pad
(arrowheads), (G) MT2-MMP specific probe labels the epithelium of
the ducts (arrows for longitudinal section of the duct, arrowheads for
the cross section of the ducts), (J) MT3-MMP is localized in the stroma
around ducts (arrows). D, G, and J: Antisense probes for MT1-MMP,
MT2-MMP, and MT3-MMP, respectively (dark field), (F, I, and L) the
same sections (bright field); (E, H, and K) sense counterparts to (D, G,
and J) in dark field. Scale bar in (B–L) represents 100 mm.
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tion of low levels of MT3-MMP, which led us to conclude
that the finding was true.

MT-MMP expression in lactating
mammary gland

During lactation, the gland consists mainly of secret-
ing lobules producing milk (Fig. 4A,B). At this stage,
we were unable to detect expression of MT1-MMP,
MT2-MMP, and MT3-MMP in the mammary gland
(Fig. 4D,G,J). To confirm this result, we harvested
mammary glands from all stages and performed North-
ern blot analysis with the same probes used for in situ
hybridizations (Table 2). This analysis demonstrated
that the weakest signal was consistently detected dur-

ing lactation and thus confirmed our previous observa-
tion (Fig. 7).

MT-MMP expression in involuting
mammary gland

Weaning of the pups from the lactating female induces
involution of the mammary gland (Fig. 5A). This dra-
matic tissue remodeling process is characterized by a
total loss of the lactation-supporting architecture,
facilitated by apoptosis and massive matrix remodeling
of both mammary epithelium and the associated stroma.
The resulting fully involuted gland is thus very similar
to the virgin adult gland and consists predominantly of
epithelial ducts. In contrast to the steady state lactation

Fig. 3. Whole mount staining and in situ hybridization on a mam-
mary gland from a pregnant mouse. A: Whole mount of mammary
gland of a pregnant mouse, with extensive branching and lobule
formation. Scale bar represents 2 mm. B: H & E stained section of
13-day pregnant mouse mammary gland with developing lobules with
arrows pointing to clusters of lobules. C: Masson’s trichrome staining.
D: Serial section hybridized to MT1-MMP antisense probe shows

expression in the stroma proximal to lobular structures (arrows) and
in the fat pad (arrowheads). G: The MT2-MMP antisense probe labels
epithelial lobules (arrows), (J) MT3-MMP expression in the stroma
around ducts and lobules. D, G, and J: Antisense probes for MT1-
MMP, MT2-MMP, MT3-MMP, respectively (dark field), (F, I, and L)
the same sections (bright field); (E, H, and K) sense counterparts to
(D, G, and J) in dark field. Scale bar in (B–L) represents 100 mm.
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architecture of the mammary gland, the involution
stage is associated with re-emergence of expression of all
the MT-MMPs present in earlier stages. Figure 5B
demonstrates a cross section of the involuting gland (5 h
after weaning at the 21st day of lactation) with a duct
and collapsed lobules. MT1-MMP was highly expressed
in the stroma around the collapsed lobules. In contrast to
the MT1-MMP expression observed at earlier time
points, the expression in the involuting gland was more
punctate yet outlined the remodeling epithelial struc-
tures well (Fig. 5D, arrows and arrow heads). MT2-
MMP, as in previous time points, was expressed
exclusively in the epithelial cells of ducts and involuting
lobules (Fig. 5G, arrows and arrowheads). The MT3-
MMP expression in the involuting gland had a punctate

appearance similar to that of the MT1-MMP expression
(Fig. 5J, arrows).

MT-MMP expression in mammary tumors

The extensive changes in the mammary gland during
growth and reproductive cycles are part of normal
development. However, mammary tissue undergoes a
distinctive remodeling process during the growth of
mammary tumors. Mice transgenic for the polyoma
virus middle T antigen under the control of the MMTV
promoter (PyMT mice) develop mammary adenocarci-
nomas due to expression of the T-antigen in the mam-
mary gland epithelium (Guy et al., 1992). This mouse
mammary gland carcinoma model represents a suitable
model for human ductal mammary adenocarcinoma

Fig. 4. Whole mount staining and in situ hybridization on a lactating
mammary gland. A: Whole mount stain of a lactating mammary gland
showing lobules filled with milk. Scale bar in (A) represents 1 mm.
B: H & E stained section of a lactating mouse mammary gland
composed of lobules [A] filled with milk. C: Masson’s trichrome
staining reveals almost no collagen present between lobular struc-

tures. D, G, and J: Serial sections hybridized to MT1-MMP, MT2-
MMP, and MT3-MMP probes, respectively, (dark field) show that none
of these MT-MMPs were present in the lactating gland, (F, I, and L)
the same sections shown in bright field; (E, H, and K) sense
counterparts to (D, G, and J) in dark field. Scale bar in (B–L)
represents 100 mm.
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(Lin et al., 2003). Onset of neoplasia in this model can be
detected as early as 4–6 weeks as epithelial hyperplasia.
At 7–8 weeks female mice have palpable tumors, which
continue to grow and eventually affect all glands.
Figure 6A represents a cross section of the tumor from
a PyMT mouse (60 days old) with cyst-like structures
surrounded by an epithelial cell layer. MT1-MMP was
expressed in the tumor stroma around globular cystic
structures, especially in close proximity to the epithelial
layer (Fig. 6D, arrows). These areas also contained large
amounts of collagen as indicated by Masson’s trichrome
staining (Fig. 6B,C, arrows). In the tumors, MT2-MMP
expression was observed in epithelial cells as in the

normal developing gland (Fig. 6G, arrows), while the
surrounding stroma demonstrated some expression of
MT3-MMP (Fig. 6I).

DISCUSSION

We demonstrate here that mammary development in
its various phases is associated with expression of at
least three membrane-associated MMPs, namely MT1-
MMP, MT2-MMP, and MT3-MMP. MT4-MMP does not
appear to be expressed at detectable levels at any stage.
While MT1-, MT2-, and MT3-MMP are closely related in
primary molecular structure, we note that they display
different spatial and temporal patterns of expression.

Fig. 5. Whole mount staining and in situ hybridization on an invo-
luting mammary gland. A: Whole mount of involuting mouse mam-
mary gland. Scale bar represents 1 mm. B: H & E stained section of
involuting mouse mammary gland. The gland was harvested 6 days
after weaning. [D] indicates duct and [CA] collapsed lobules. C:
Masson’s trichrome staining, arrows pointing to collagen abundant
areas (blue stain). D: Serial section hybridized to MT1-MMP antisense
probe shows labeling of stroma around the ducts (arrows) and in the
region of collapsed lobules (arrowheads). G: MT2-MMP antisense

probe labels epithelial cells of the ducts (arrows) and in collapsed
lobules (arrowheads). J: MT3-MMP expression is weak and localized
to the stroma around collapsed lobules (arrows). D, G, and J: Anti-
sense probes for MT1-MMP, MT2-MMP, MT3-MMP, respectively
(dark field), (F, I, and L) the same sections (bright field); (E, H, and K)
sense counterparts to (D, G, and J) in dark field; (J, K, and L) showing
a different specimen than in the preceding parts. Scale bar in (B–L)
represents 100 mm.
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The most abundant component of the mammary gland
extracellular matrix is type I collagen, produced not only
by resident fibroblasts of the peri-ductal stroma and also
by cells scattered among adipocytes in the fat pad
(Hovey et al., 1999). In order to allow epithelial cell proli-
feration, the supporting collagenous stroma, (Figs. 1C
and 2C) must be remodeled most likely by collagenase-
type proteinases (Holmbeck et al., 1999). Several mem-
bers of the MMP family possess potent collagenase
activity in vitro, in addition to activity against other
stromalandbasementmembranemolecules. It isassum-
ed that MMPs play important roles in the remodeling
and degradation of mammary stroma. Previous work
has detailed the expression of secreted MMPs in mam-
mary gland development. MMP-3 (stromelysin-1),

MMP-2 (gelatinase A), and MMP-9 (gelatinase B) are
present in the mammary tissue (Wiseman et al., 2003)
and play a role in branching morphogenesis and in
involution. Some of the mouse strains deficient for
specific secreted MMPs display altered mammary gland
morphology or involution with no apparent impairment
of lactation. Less attention has been paid to the ex-
pression and possible role of membrane-type MMPs in
the mammary gland.

The role of MT1-MMP in the timely remodeling of
‘‘soft’’ collagen type I rich matrices has previously been
explored in detail (Holmbeck et al., 1999; Hotary et al.,
2002; Holmbeck et al., 2003; Hotary et al., 2003). In
accordance with its role as the cell-associated collagen-
cleaving enzyme, we have observed that mammary

Fig. 6. In situ hybridization on mammary gland with adenocarci-
noma. H & E stained section of the mouse mammary gland
adenocarcinoma A: Masson’s trichrome staining (B), arrows pointing
to the collagenous layer surrounding tumor acini (enlarged in C).
D: Serial section hybridized to MT1-MMP antisense probe shows
labeling of the stroma in the near proximity to the epithelial layer of
tumor acini (arrows). G: MT2-MMP is expressed in the epithelial layer

(arrows). J: MT3-MMP expression is weak and localized to the stroma.
D, G, and J: Antisense probes for MT1-MMP, MT2-MMP, MT3-MMP,
respectively (dark field), (F, I, and L) the same sections (bright field);
(E, H, and K) sense counterparts to (D, G, and J) (dark field). Insets
in (F) and (I) demonstrates labeling of stromal and epithelial cells,
respectively. Scale bar represents 100 mm.
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stroma in adult MT1-MMP-deficient mice displays overt
signs of fibrosis (unpublished data). Together with
the strong expression observed here in the collagen-rich
periductal stroma during initial development, preg-
nancy, and involution, these findings suggest that MT1-
MMP may also function as a collagenase in the mam-
mary gland. It is of note that during the relatively steady
statephaseof lactation,none of the enzymesare express-
ed and apparently the remodeling processes required
during development, growth, and involution of the gland
are temporarily inactivated. The expression of these
proteases is temporally associated with periods of syn-
thesis, removal, and pruning of the extracellular matrix
in order to facilitate cell behavior such as proliferation,
migration, and apoptosis (Pilcher et al., 1997a; Parks,
1999). We have previously observed that MT1-MMP-
dependent matrix degradation facilitates apoptotic cell
demise in mesenchymal cells as well as steady state
turnover of matrix in response to growth requirements
(Holmbeck et al., 2003).

A very limited body of literature exists on the function
and expression pattern of MT2-MMP. Surprisingly, in
the mammary gland the expression of this protease is
entirely restricted to the epithelial compartment. To our
knowledge this is the first report of an MT-type MMP
restricted to epithelial cells. This observation raises the
question of whether MT2-MMP is the epithelial mem-
brane-bound counterpart to MT1-MMP, which, in our
experience, appears restricted solely to mesenchymal
cells. As is the case for MT1-MMP, expression of MT2-

MMP is observed only in stages of morphological
change; that is, when cells migrate, die, or proliferate
with the coordinated remodeling of resident extracel-
lular matrix. Epithelial cell migration on collagenous
matrices is known to require collagenolytic activity
in vitro (Pilcher et al., 1997b; Holmbeck et al., 1999), and
collagenase-resistant mice display significantly delayed
wound reepithelialization as do mice treated with MMP
inhibitors (Lund et al., 1999; Beare et al., 2003). More-
over, it has been reported that MT2-MMP confers
otherwise collagenase-insufficient cells with the ability
to proliferate in vitro (Hotary et al., 2003). Based on
these observations it is tempting to speculate that MT2-
MMP either directly or indirectly, for instance via pro-
MMP2 activation, may confer on mammary epithelial
cells a proteolytic capacity to modulate their environ-
ment in response to hormonal stimuli.

The distribution of MT3-MMP in mammary gland
stroma at least partially overlaps that of MT1-MMP.
LikeMT2-MMP,MT3-MMPhaspreviouslybeendemon-
strated to be able to activate pro-MMP2 and it remains
possible that MT3-MMP may function in this capacity in
the mammary gland.

Despite cancerous transformation of the gland, MT1-
MMP remained confined to the stroma as in the normal
gland. Likewise, MT2-MMP was expressed exclusively
by epithelial cells both in the normal mammary gland
and in adenocarcinoma. Elevated expression of MT1-
MMP has been reported in various human carcinomas
(Ueno et al., 1997; Jones et al., 1999; Dalberg et al., 2000;
Bisson et al., 2003), whereas MT2-MMP and MT3-MMP
are not often observed in tumor tissue (Polette and
Birembaut, 1998). We suggest that the discrepancy be-
tween human tumors/tumor cell lines expressing MT1-
MMP and our consistent failure to detect epithelial cell
expression in the mouse may reflect both cellular
properties attained by in vitro culture of human cells
as well as species specific expression differences in vivo.
We note, with some interest, the lack of MT4-MMP
expression in mouse mammary adenocarcinoma. MT4-
MMP was originally isolated from a human breast
carcinoma source (Puente et al., 1996) and the absence of
MT4-MMP in the mouse tumor demonstrates the heter-
ogeneity of different malignancies and also illustrates
that the expression pattern presented here cannot be
considered a benchmark for malignancy-associated
MMP expression.

In summary, we find expression of MT1-MMP and
MT3-MMP in the mammary gland stroma while MT2-
MMP is expressed exclusively in the mammary epithe-
lium. It is of note that none of the MT-MMPs, according
to in situ hybridization results, is expressed during
lactation. We confirmed this result by Northern blot
analysis of total mammary tissue, which demonstrated
very low levels of message for the target molecules. This
can be attributed to the expression in extraglandular
tissues inadvertently harvested with the gland. We
note, for instance, that lymphatic arteries express abun-
dant MT2-MMP message. In addition, the peripheral
mammary connective tissue constitutively expresses
MT1-MMP.Mammaryadenocarcinomadisplaysexpres-
sion of MT1-MMP and MT3-MMP in the stromal
compartment while MT2-MMP is restricted to the epi-
thelial cells as found in the normal mammary tissue.
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Fig. 7. Northern blot analysis of MT-MMPs expression in mouse
mammary glands. PP, prepubertal gland (3 days old); AD, adult gland
(60 days old); PR, pregnant gland (13 days pregnant); LAC, lactating
gland; INV, involuting gland (3 days after weaning); TUM, mammary
gland tumor. The upper portion of each part shows the result of
hybridization to the indicated MT-MMPs, the lower portion of each
part shows hybridizaton of the same membrane to a mouse b-actin
probe.
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